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Be-B system.
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on both uniform concentration and graded concentration layers. The latter
type, innovated in this program, are prepared either with multiple implants
or by implanting boron ions through a sputter-deposited boron film, and are
seen as promising the most effective wear surfaces for the least processing
time. Difficulties in attaining the desired degree of flatness and finish
on the starting material were encountered and overcome.

Implanted sample surface profile and appearance, as well as apparent
hardness, were found to be strongly dependent on the effectiveness of substrate
heat dissipation and on the quality of the vacuum environment prevailing during
implantation.

Friction and wear measurements against a hardened steel pin showed that
all of the implanted discs tested were greatly improved in their wear resistance
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SECTION 1.

INTRODUCT ION

In the construction of gyroscopic inertial instruments, the

purely structural requirements with respect to strength, stiffness, and

creep can be met for most purposes through the use of instrument-grade

beryllium, but the mating surfaces of gas-bearings demand higher hard-

ness and greater wear resistance than beryllium offers. This discrep-

ancy has been met in past and present instrument designs in a variety of

ways, but operational and processing problems continue to persist and a

better materials system is needed. The present task addresses this

latter requirement through research efforts cn new materials and pro-

cesses for gyroscopes with gas bearings.

In general, the materials which are hard enough for use in gas

bearings are also physically incompatible with the other structural

members of the instrument assembly. Differences in thermal expansion

characteristics and low values of thermal conductivity of these

materials result in undesirable strains and temperature variations in

the assembly. This leads to a variety of instrument instabilities which

adversely affect the accuracy and reliability of the several inertial

components.

(As bearinga initially built at The Charles Stark Draper

Laboratory, Inc. (CSDL) involved fabricating entire bearings out of

solid pieces of ceramic. These ceramics were typically produced by

sintering and hot pressing techniques. Difficulties were encountered in

machining these materials, making the process expensive and time

consuming. The high cost in money and time, in addition to the problems

stemming from low values of thermal expansion and thermal conductivity

for ceramics, caused this option to be discarded.
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The subsequent rationale developed to resolve the discrepancies

envisioned the use of two different materials, since no single material

was known to meet all demands. One material was to form the structural

member and satisfy bulk property requirements and the other was to be

deposited as a coating to yield a low-friction, wear-resistant surface

for the gas bearing.
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SECTION 2.

MATERIALS PROPERTY REQUIREMENTS

2.1 Bulk Properties

Since the basic structure of the instruments consists largely

of beryllium, this material is also the best choice for the structures

supporting the gas bearing surfaces. The bulk property requirements

which it meets are:

(1) High strength-to-density ratio (important from design

considerations).

(2) High thermal conductivity (to avoid temperature

gradients).

(3) Nonmagnetic (to eliminate interference with

electromagnetic circuitry).

(4) Thermal expansion compatibility with other structural

members.

(5) Finishable to accurate tolerances of better than

1 microinch.

2.2 Coating Properties

With respect to the material to be applied to the gas bearing

surface as a coating, ideally it would be very similar in its own bulk

properties to those of the underlying structure. For that reason, the

above listing also applies to the coating material, although less

3



critically so where thinner coatings are considered. On the other hand,

considerably greater importance must be attached to the surface

properties, the most significant of which are:

(1) High resistance to wear fromt sliding, erosion, and impact,

for extended bearing life and stable performance.

(2) Low coefficient of friction for minimum starting torque.

(3) Zero surface porosity, for maximum gas bearing stiffness

-and minimum contamination entrapment.

2.3 Coating Technology

Materials which are hard enough to be of interest as wear-

resistant coatings will generally have such high melting temperatures as

to require special methods of application. Two methods which have

received attention in this area are plasma-spraying and sputtering, the

former enjoying the wider use in production. With plasma spraying it is

easy to apply coatings which are several thousandths of an inch thick,

while the thicknesses of sputtered films are generally less than that by

about two orders of magnitude. On this basis, the two methods are

frequently classified as "thick film" and "thin film." Examples of the

use of these processes are the plasma-sprayed chromium oxide and

aluminum oxide coatings now in use in several instrument designs and the

sputter-deposited tungsten carbide and titanium carbide coatings that

have been subjects of some past development activity.

2.4 Limitations of Present Technology

The one feature common to both sprayed and sputtered coatings

is the difference in physical properties between the coating and the

substrate. While this may b somewhat tolerable in thin films produced

by sputtering, thicker films made by spraying are susceptible to failure

4



from imperfect match of expansion coefficients at the coating-substrate

interface. To reduce stresses that result from differences in expansion

coefficients, spraying is generally conducted at lower spray tempera-

tures. However, this adversely affects interparticle cohesive strength,

which results in pull-outs during polishing and lapping operations, and

generation of wear debris in active service. The clearance between the

mating parts of a gas bearing is only about 50 microinches so that even

the mildest form of wear (mildest by conventional standards) can prove

to be catastrophic in gas bearing applications.

A more severe problem that has been found in sprayed deposits

is the presence of interconnecting porous structures in the coating.

The effect of this interconnected porosity is to provide a shunt path

for gas flow such that the hydrodynamic pressure rise is attenuated from

that attainable with a nonporous coating(W~. This, in turn, causes a

lower load capacity and stiffness for the gas bearing. In addition to

this most severe effect, the porosity at the surface also results in

effectively increasing the bearing qap beyond the physical (design)

clearance. Although machining problems in sprayed deposits are less

than those for sintered products (because parts are sprayed close to

final size), they are present albeit to a lesser degree on a small

scale.

The adhesion of the coating to the substrate is an important

consideration in wear performance. The forces that give rise to

adhesion in films made from both these processes can be both mechanical

'fnd chemical in nature. The adhesion observed for deposits fabricated

using the arc-plasma technology is generally found to be influenced by

mechanical interlocking of the film on the external features of a

Superscript numerals refer to references in the List of

References.
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substrate. However, in both cases, chemical forces frequently give rise

to stronger interfacial bonds. This type of bond is often termed a

metallurgical or a diffusion bond. Ini chemically-compatible coating-

substrate systems, the adhesion strength can be increased by depositing

films at elevated temperatures (as in chemical vapor deposition (CVD) or

in physical deposition by sputtering or spraying) or by subjecting the

substrate-coating composite to high temperatures after deposition. The

former approach can result in a compressive state of the ceramic deposit

at operating temperatures, whereas the latter may produce cracking in

the deposit because of the tensile nature of the stress that will act on

the ceramic coating upon heating. Elevated temperature deposition is

therefore preferable to post-deposition heat treatment since ceramic

materials generally behave well under a mild compressive loading.

Poor adhesion has been the biggest problem with sputtered

ceramic coatings formed on beryllium substrates (2). Sputter deposited

films have also shown large deviations from stoichiometric composition

and the presence of undesirable microstructures. Depending on the

conditions employed during fabrication, the structure of sputtered films

could be either amorphous or crystalline. Columnar growth structures

with poor interparticle bonding are frequently encountered in sputter

deposits.

2.5 umr

The various types of materials and process options, as

discussed above, which have been investigated at CSDL and other similar

laboratories are shown in Table 2-1 (2,3,4,5). Also listed are the

options under investigation in the present body of work.



Table 2-1. Materials and process options

considered for bearing fabrication.

MATERIAL PROCESS PROBLEMS ENCOUNTERED

SOLID CERAMIC SINTERING AND DIFFICULT TO MACHINE

HOT PRESSING PHYSICAL INCOMPATIBLITY

LOW THERMAL EXPANSION

POOR THERMAL CONDUCTIVITY

HARD COATINGS PLASMA POROSITY, ADHESION,

SPRAYING COHESION, PLUS ABOVE

(THICK)

SPUTTERING ADHESION,

(THIN) COMPOSITION,

STRUCTURE

MISMATCH LESS CRITICAL BECAUSE

OF COATING THINNESS

MODIFIED SURFACE CASE NONE OF THE ABOVE

HARDENING PERCEIVED

BY ALLOYING

OF THE SURFACE

COMPOSITE POWDER NONE PERCEIVED

METALLURGY-

HOT ISOSTATIC

PRESSING

7



2.6 Direction of the Present Work

The broad objective which underlies all aspects of the present

effort is to establish a hard, pore-free, wear-resistant surface which

is integral with the beryllium structural members, thus eliminating the

adhesion problems that have been encountered in the past. In the case-

hardening subtask, this is approached by treating a beryllium surface

with a material with which it forms hard compounds, i.e., boron. Boron

enrichment of the surface, in one process, is accomplished by reactive

diffusion of a freshly formed film of boron with the underlying

beryllium. In another part of the work, boron ions are forced by an

electrical potential to penetrate into the beryllium surface by ion

implantation, a process which is relatively immune to native oxide

barriers, solubilities, and diffusion coefficients.

In a second subtask the de~sired hardening and wear resistance

are imparted by particles of a hard ceramic phase dispersed within the

beryllium matrix. Such a metal-matrix composite is produced using

powder metallurgy methods.

8



SECTION 3.

Be-B REACTIVE DIFFUSION EXPERIMENTS

3.1 Background

The approach taken in this part of the gas bearing materials

development program is to produce a well bonded layer of boride or

borides of beryllium by reactive diffusion of boron on the beryllium

surface. A concurrent effort is to be directed towards the study of

diffusion kinetics in the Be-B system in order to understand the

mechanisms related to the formation of the desired coating.

The binary alloy system Be-B contains a number of intermetallic

compounds of which two boron rich compounds, BeB 6 and BeB 2 , are reported

to have hardness values of 2600 and 3200 KHN respectively (6,7,B).

Boron also has a high hardness value of nearly 3000 KHN. Reactive

diffusion of boron on beryllium is therefore an attractive means of

producing a metallurgically-bonded hard-surface coating.

3.2 Progress Prior to this Reporting Period

Initial CVD experiments were performed in a simple system which

could be built quickly and inexpensively. A 1.25-inch diameter quartz

tube capable of being evacuated to 10 torr pressure constituted the CVD

chamber. The beryllium sample located inside the tube was heated to the

desired temperature by means of an RF induction coil placed around the

tube.

The CVD gas or gases were then allowed to flow through

the tube at desired flow rates. The CVD gas systems used were (1)

decomposition of BC1 3 by hydrogen and (2) thermal decomposition of

........................................,. -- _"_ H



(10)
diborane (B2 H 6 The depositions were carried out at 900*C to

10000C. The coatings were on the order of a micrometer in thickness,

and generally showed hardness values of approximately 1200 KHN. Both

the colors of the coatings (rusty pink) and Auger electron spectroscopy

showed that there had been chemical reaction between the Be and B, with

the formation of compounds of the Be-B system. Although no positive

identification of the compounds could be made, it was suspected that the

compounds were beryllium-rich, based both on the Auger analysis and on

the rather low hardness values that were measured. Thicker coatings

were attempted, but coatings thicker than about 1 micrometer tended to

crack and spall. The coatings produced were, nevertheless, considered

to have potential gas bearing application even if better results could

not be achieved.

The investigation of diffusion kinetics required

metallurgically-bonded beryllium and boron diffusion couples. It had

been demonstrated that the diffusion couples could be formed by hot

isostatically pressing techniques, using solid boron pieces and

beryllium powder. Solid pieces of boron available commercially are of

the high temperature rhombohedral B -boron cyrstalline form. The lower

temperature form, tetragonal y -boron, is the more likely variety that

would result at the temperature used for CVD on beryllium. Since Y -

boron is not available commercially, some solid pieces of this boron-

type were produced by the Arc Plasma Spray process using commercially

available 8 -boron powder (1 1 ). These were to be used for the

preparation of Be-yB diffusion couples by the HIP technique that had

already been investigated.

3.3 Progress During the Past Year

3.3.1 CVD

All the previous depositions were done at 9000C and higher. In

order to ascertain the effects of depositions at lower temperatures,

several CVD runs were made at 7000 and 8006C using both the BC1 3 + H 2

10



and B2 H6 gas systems. The BC1 3 + H2 gas gave gray flaky deposits which

came off quite easily. B2H6 , however, produced highly adherent metallic

gray deposits on about 75 percent of the surface areas. The deposits

were uniformly continuous with the uncoated areas occurring at the

peripheries of the disc-shaped samples.

To evaluate these coatings, uae following analytical procedures

were used: Microhardness measurements, optical microstructure

examinations, Auger spectroscopy and X-ray diffraction.

The hardness values shown in Table 3-1 were the highest measured

so far. Loads of 100 grams and higher in each case gave hardness values

typical of the Be substrate. Hardness values increased as the loads were

decreased down to 5 grams, with the maximum values occurring at the lowest

load. In all cases, these were well over 2000 KHN. The CVD coating was,

therefore, concluded to consist of either boron or of some boron-rich

beryllium boride.

Metallographic sections of the samples were prepared by making

a slanting cut which produced approximately a 10 fold amplified view of

the CVD coating. In order to define the outer surface of the CVD

coating, a nickel film was sputter-deposited on it prior to metallo-

graphic sectioning and polishing. Figure 3-1 shows the micrograph of

such a polished section of sample No. 95 which was CVDed at 7000C for

1 hour. The coating consists of an outer metallic gray layer and a pink

layer next to beryllium. In between these two layers is a thin layer

which is somewhat lighter pink in color. Auger analysis showed the

outermost layer to be boron. The rest of the film showed both beryllium

and boron, suggesting that some borides had indeed formed. The total

thickness of the film is about 3 micrometers as measured from the photo-

micrograph. A depth profile measurement by sputtering and simultaneous

Auger scanning in the Auger machine, followed by a depth measurement of

the sputtered crater by profilometry, indicated the thickness of the

film was about 5 micrometers. Therefore, it appeared that the thickness

throughout the 0coating was not uniform.

11
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Auger analysis of all four samples showed the outer-most layers

consisting of boron with intermediate layers containing both beryllium

and boron. Large amounts of oxygen were seen in areas where no coatings

were formed. It was not possible, however, to obtain structural

information from the Auger analysis of the samples. X-ray diffraction

of the coated surfaces was, therefore, tried to obtain structure data.

The diffraction patterns obtained showed peaks only representative of

the beryllium substrates. It was concluded that the thickness of the

films were insufficient for X-ray diffraction. The next attempt at

structure determination was to try forward reflection electron

diffraction. The diffraction pattern showed a few broad halos, but no

Debye rings or Laue spots were seen. It appeared, therefore, that the

boron deposited during the CVD on Be using diborane had produced

amorphous boron. Further work will determine the validity of these

structural findings.

3.3.2 New CVD System

Although the CVD films formed were of substantial thickness

(up to 5 micrometers), well bonded, and with hardness values reaching

2500 KilN, the coverage of the surface was not complete. Analytical

procedures indicated that presence of oxygen in the system might be

responsible for this observation. It was concluded that a much cleaner

CVD system should be built to succeed in producing uniformly CID-coated

beryllium surfaces for gyro gas bearings.

A new CVD system, consisting of a stainless steel bell jar,

all-stainless steel plumbing, and a high vacuum pumping system equipped

with a stainless steel liquid nitrogen trap was designed and built. The

bell jar is capable of being baked out during evacuation and then water

cooled during the CVD run. A 1-inch copper base plate is used as the

bottom closure for the bell jar, through which the following functions

are brought into the bell jar: screened vacuum pump port, CVD gas inlet

and outlet, and RF power terminals. The RF power is supplied
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to the system by a newly acquired 20 KW Westinghouse RF generator. The

bell jar is provided with a quartz window viewing port on the top and

another located on the side for measurement of sample temperature with

the RF coil either in a vertical or in a horizontal position. The

overall view of the system is shown in Figure 3-2. The copper base

plate with all of its attachments is shown in Figure 3-3. Because of

the large power capability of the present system, it will be possible to

use larger RF coils to produce CVD coatings on actuil gas bearing

parts. The present system will also allow high vacuum type of

rotational mechanisms for sample rotation if these become necessary

during the CVO process to produce the desired uniformities of the

coatings.

3.3.3 Recent Experiments in the New CVD System

After a vacuum-bake-out the CVD chamber attained a vacuum of

about 10- 7 torr. Be samples haated in this system either in flowing argon

or under vacuum at 8000C showed negligible surface oxidation over what

existed in the as-polished condition of these samples. Being satisfied

with the quality of the ambient atmosphere inside the CVD chamber, we have

made a number of CVD runs using diborane gas, which is composed of

99.9 percent high purity argon plus 0.1 percent diborane. After the

sample with polished surface is mounted inside the RF coil, the system is

pumped down and then given a low temperature bake-out at about 1000C for a

few hours. This produces a vacuum of 10- 7 torr. High purity argon is

then allowed to flow at a rate of between I to 2 litres/minute. The

sample is now quickly raised to the preselected CVD temperature by RF

induction. Argon flow is then replaced by the argon-diborane mixture.

The film starts to form immediately and the temperature tends to decrease,

and the system requires a gradual increase in the RF power input to

maintain the temperature constant. At the end of the preselected time the

RF power is turned off and the sample is allowed to cool down quickly.

The diborane source is then shut off and the system is thoroughly purged

with pure argon before the bell jar is lifted and the coated sample is

removed.
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The surface of a typical CVDed sample has a dark gray and fine

granular appearance. The surface is, however, completely coated by the

CVD film. The few samples produced so far at temperatures of 7000C and

8000C for various lengths of time at different gas flow rates show no sign

of spalling. Figure 3-4 shows the appearance of a CVD coated sample at

50OX magnification, which clearly shows the granular nature of the

surface. The granular structure, however, is only superficial, as

indicated by the appearance after mild polishing as shown in Figure 3-5.

The coatings produced in the new CVD system not only cover the entire

surfaces of the samples, they also appear to have higher hardness values

compared to those prepared in the older CVD system. Table 3-2 shows the

hardness values of a few preliminary samples prepared under varying time,

temperature, and gas flow rate conditions.

The hardness value at 10-gram load in each case is over

3000 KHN. A comparison of samples N-16, N-17, and N-18 shows that the

longer time of deposition gives higher hardness at heavier loads. A

faster flow rate of the CVD gas into the chamber does not appear to have

any effect. Assuming that higher hardness values under heavier inden-

tation loads are an indication of a heavier film thickness, time at

temperature is more significant than the amount of diborane gas avail-

able. When the samples N-17 and N-18 are compared, it is seen that: at

heavier loads (50 and 100 grams) the hardness values are ve. ..unilar,

indicating that the thicknesses of the films are about the same at both

7000C and 800 0C deposition temperatures. At low loads, however, where

the intrinsic hardness of the film plays a more important role, it

appears that 7000C produces a more stongly bonded deposit. At this

moment it is difficult to say whether these measured differences are

significant or within the limits of measurement error. A remarkable

difference exists, however, between the best samples produced in the

original CVD system and the cleaner new system. The hardness values of

the best samples from Tables 3-1 (No. 95) and 3-2 (No. N-19) are plotted

18



1/81 CD2254220p

Figure 3-4. Surface of a sample CVDed at 800
0C for 17 minutes.

Polished w' .h 0.311 Al 20 3.



1/81 CD2254320p

Figure 3-5. A similar sample as in Figure 3-4 after polishing
the surface successively with 15 pmn, 6 im, and
3 wjm diamond and 0.311 Al 20 3
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against the indentation load (Figure 3-6) to graphically show this

significant improvement in the quality of the deposits produced in the

new system. The hardness values for samples prepared in the new system

exceed those measured for the samples produced in the previous system

substantially, measured under any indentation loads. Obviously, the

coatings are now thicker and the bonding of the atoms possibly stronger.

3.4 Diffusion Studies in Be-B System:

The study of diffusion kinetics in the binary Be-B system was

to be carried out using hot isostatically pressed diffusion couples. At

the moment the prospect of success using this technique looks gloomy.

In the last annual report the success in preparing solid pieces of y-

tetragonal boron by Arc Plasma Spraying was stated. Subsequently, there

was no difficulty in producing Be-B diffusion couples by HIP technique

to produce Be- yB diffusion couples. At the same time, a number of

Be- 8B diffusion couples were also prepared. In both cases, there were

good diffusion interfaces formed between Be and B in the as-HIP condi-

tion. Such an interface between Be and YB is shown in Figure 3-7. The

dark areas within the interface are believed to be pull-outs during

polishing and therefore would not be a cause for concern for further

diffusion heat treatments. However, diffusion heat treatments of these

couples which were performed at elevated temperatures produced

unexpected failures. Metallographic examination cf the interfaces

showed that the beryllium had separated from the diffusion zone. This

separation must have occurred at a very early stage of the diffusion

heat treatment, since there is no apparent growth of the diffusion

zone. An area of the interface in the Be- yB diffusion couple is shown

in Figure 3-8.
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Fiqure 3-6. Microhardness versus indentor load. A comparison
between old CVD number 95 and new CVD) number N-11)
shows dramatic improvement.
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1/81 CD2254 -- L 15.4 um

Figure 3-8. The interface between Be and B shows that Be has

pulled away during the attempted diffusion heat
treatment at 9000C.
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3.5 CVD Samples as Potential Diffusion Couples

A very preliminary diffusion heat treatment was given to sample

No. N-10 produced in our new CVD system. Sample No. N-10 was CVDed at

8006C for 1 hour at a gas flow rate of 1 litre per minute. This was

further heat treated at 9000C for 6 hours in purified helium. The

sample surface was boron with a metallic gray color. After the heat

treatment the surface color had changed to rusty pink. An electron

diffraction pattern was taken at a low glancing angle to this surface.

Similar as-deposited CVD surfaces were found to be boron by Auger

analysis, and electron diffraction patterns typically consisted of a

couple of halos, characteristic of amorphous materials. The diffusion

heat treated surfaces, however, gave non-continuous Debye patterns. The

measured 'd' spacings of these zings produce a fairly good match with

both the BeB2 and the BeB6 structures. It is believed that the upper

surface layer is BeB6 because of the color. We will try to obtain more

positive verification. The electron diffraction data are shown in

Table 3-3.

3.6 Discussion and Conclusions

CVD experiments using the old CVD system indicated that fairly

hard coatings, diffusion bonded to the beryllium substrate, could be

formed. The surface of the coating consisted of boron. Roughly

25 percent of the beryllium surface, along the periphery of the CVD

film, remained uncoated. Analytical results indicated that oxygen

contamination was one of the main reasons for lack of coating in these

areas. The CVD system was suspected as the source of oxygen, and an

extremely clean new system, essentially free of oxygen, was designed and

built. This effort has now resulted in the preparation of much higher

quality and highly adherent CVD deposits, with complete coverage of the

surfaces.
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Table 3-3. Electron diffraction data of diffusion heat
treated sample No. N-10.

'd' - SPACING POSSIBLE PHASES 'D' - SPACING POSSIBLE PHASES

4.82 BeB2 , BeB6  2.52 BeB2 , BeB6

4.10 BeB 2 , BeB 6  2.28 BeB 2 , BeB 6

3.04 Be2B, Be4 B 1.47 Be2B

2.60 Be6 B

2/81 CD22727

The initial objective was to produce a diffusion bonded, high

hardness film of either BeB 2 or BeB6. However, diffusion bonded

coatings of amorphous boron, which may be just as wear resistant and

also possess a low friction coefficient for gas bearing application,

have been produced by CVD. The preliminary heat treatment further

appears to have converted the as-deposited film to BeB6 - Further heat

treatment at higher temperature and/or longer time may allow diffusion

to proceed further with the formation of BeB 2 - It is believed that the

initial objectives have been achieved. Further scientific and

engineering studies are needed and will continue.

As for the studies to determine the diffusion kinetics, the

conventional technique of diffusion couples with infinite sources of

both the elements Be and B seems to have very little prospect of

success. However, meaningful results with CVD samples in this area

appears promising. Although beryllium would still be an infinite
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source, boron being of the order of a few microns would provide a very

finite source of the element. Nevertheless, studies to determine the

diffusion kinetics must continue with the CVD samples, which would

provide important scientific information for engineering applications.

3.7 Future Plans

Efforts will be concentrated:

(1) To further studies of the CVD process at 7000C and 8000C,

as well as the investigations at higher temperatures.

(2) To characterize the CVD films formed at various

temperatures with respect to chemistry, structure,

thickness, and hardness.

(3) To study diffusion characteristics of the CVD

coatings, and obtain limited diffusion kinetics results.

(4) To produce coatings with outer surfaces of boron, BeB6 ,

and, if possible, BeB 2.

(5) To determine wear and friction characteristics of the

different surface structures produced.



SECTION 4.

ION IMPLANTATION

4. 1 Background

As a metallurgical coating process, the use of ion implantation

for case hardening or surface alloying is an emerging technology (12),

even though it is fully mature as a manufacturing method for semi-

conductor electronic devices. The technology transfer is not straight-

forward, however. Ion implantation in semiconductor processing intro-

duces only minute quantities (doses) of foreign atomic species (dopants)

which are intended to alter only the electronic characteristics of a

shallow region in the surface of a substrate. Metallurgical modifica-

tion of materials, on the other hand, implies the use of massive doses

of the alloying agent to produce compositional changes, including the

formation of new phases or distinctive solid solutions. Much of the

current effort is thus necessarily exploratory in nature, not only in

assessing results but also in developing processing and testing

procedures.

The ion implantation process differs from those based on

diffusion by employing kinetic rather than thermal energy to introduce

and emplace the foreign species which is intended to modify the host

material. A high kinetic energy is given to the species to be

implanted, such as boron, by first inducing ionization and then

accelerating the ions through an electrical potential difference. They

are then directed as a beam or current of ions onto a substrate

material, such as
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beryllium, whose surface their high kinetic energy allows them to pene-

trate. The quantity or dose of boron delivered is determined by the

magnitude of the current and the length of time it is applied. The

range of penetration of the ions depends on the accelerating poten-

tial. Consequently, for ion implantation processing the concentration

of boron in the surface of the beryllium is not limited by its

solubility, and the penetration of boron into the beryllium is not

restricted either by the diffusivity of the boron or by the presence of

a native oxide film on the beryllium. However, these characteristics

are limiting factors in the more conventional boniding processes.

F'rom the foregoing, it can be seen that a major feature of ion

implantation is the control which it affords - control of quantity

through control of both dose-rate (i.e., ion current) and deposition

time, and control of penetration depth through adjustment of the

acceleration voltage. By selection of appropriate combinations of dose

and accelerating voltage, unique concentration profiles of dopant with

depth can be attained, some of which could never result from the action

of the natural laws governing solid-state diffusion. Other features are

the control of lateral distribution of concentration through rastering

or masking off of the ion beam, precise selection (purity) of the

element to be implanted, and a clean high-vacuum environment protecting

the surface undergoing treatment.

4.2 Previous Work

4.2.1 Experimental objectives

It was pointed out previously that the large body of accumu-

lated experience in the ion implantation of semiconductors is only

partially applicable to this program. Evaluation of boron implantation

as a method of making beryllium surfaces usable directly in gas bearings

required answers to questions such as the following:
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(1) The feasibility of implanting metallurgically significant

quantities of boron in reasonable time periods using

present-day equipment.

(2) The compatibility of the sputter erosion rate of beryllium

in a beam of boron ions (since sputtering to a greater or

lesser extent inevitably accompanies implantation) (13)

with (a) retention of precise physical dimensions and good

surface finish and (b) build-up of a high concentration of

boron in a beryllium substrate.

(3) The possible need for post-implant heat treatment to

enhance the hardness and wear resistance of the implanted

surface.

(4) The formation of specific identifiable beryllium-boron

compounds as a result of implantation and/or heat

treatment, and the kinetics of their formation.

Experimentation to answer these questions began with the

equipment and materials at hand, in full recognition that these were

less than optimum. The results obtained through the end of the last

reporting period have been discussed (14,15) earlier ar~d are summarized

here.

4.2.2 Summary of Results

The first few small samples of beryllium implanted with boron

were prepared at the Naval Research Laboratory in a low current machine

so that the processing time requirement was inordinately long, but they

sufficed to show that significant boron concentrations could be attained

in bkeryllium surfaces. Two independent methods of assessing erosion due

to sputtering indicated that it was negligible and therefore did not set

any serious limits on the concentrations which might be reached.
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In this phase, the specimens prepared were calculated to contain 10, 20

and 40 atomic percent boron uniformly distributed within a layer

0.8 p~m deep. Hardening, as tested with a Knoop indenter, occurred upon

implantation and increased further with heat treatment; the hardness

increase on heating was considered to be an indication that the initial

hardening was a result of compound or quasi-compound formation and not

primarily due t.;, lattice strains stemming from the intrusion of a

foreign species. This interpretation was also consistent with

Rutherford back-scattering measurements done on some of these samples at

the Naval Research Laboratory CNRL).

A second group of specimens, of a size (3/4-inch diameter)

large enough to permit friction and wear testing after implantation,

were next processed in a new implanter whose higher current capability

made it a credible metallurgical tool. These were implanted to levels

of 60 and 40 atomic percent B in Be and again showed hardness

increases. However, inconsistencies and a lack of reproducibility

showed up the need for more than a single sample of a given type.

Improved effectiveness in heat dissipation during the 40 atomic percent

implantation may have been the main reason for the much better surface

finish observed on the 40 atomic percent as compared to the 60 atomic

percent 3/4-inch sample.

4.3 Uniform Concentration vs. Graded Concentration

Layers

The first phase of the work done with boron implants in

beryllium made use of energies (i.e., accelerating voltages) ranging

from the lowest usable value to the highest voltage attainable. The

quantity of boron implanted at each volt ige was adjusted so that

collectively they would result in a uniform concentration of boron

throughout a layer extending to a depth of about 8000 A, or

0.8 OiM. From that depth the concentration was predicted to "tail off,"

following a Gaussian distribution into the bulk of the beryllium as it

would for a single monoenergetic implant.

32



A more efficient use of implanter time, as well as a tougher

and more effective wear surface, should result from a different

combination of parameters for the implantation schedule. The objective

is to have the boron concentration heaviest at the surface of the

implanted substrate and decreasing in an approximately linear profile

with depth. Hardness would thus be highest at the surface, where it is

needed to provide wear resistance, and the smooth decrease in hardness

(and concomitant increase in ductility) with depth would tend to safely

dissipate stresses applied to the wear surface. This should mitigate

any tendency, should it exist, of a hard, brittle layer to separate from

the bulk material at an interface where properties undergo an essen-

tially discontinuous change.

The implantation schedule to produce a graded layer would call

for high doses at low en'ergies to impregnate the surface, followed by

progressively lower doses at the higher energies affecting the deeper

levels of the subhsurfaca. The greater economy in usage of machine time

is apparent when it is considered that the generation of uniform

concentration layers has required progressively heavier doses, and

therefore longer exposure times, at the higher energies.

Emnplacing all of the boron by way of selected combinations of

implants is one possible way of attaining graded layers, but an

alternative method could be equally or perhaps even more economical in

its demands on implanter time. That alternative would be to cover the

zurface to be hardened with a thin film of boron and then implant

through the film with high energy boron ions. Several processes would

be expected to act on the boron in the film to move it into the

beryllium: ion mixing, knock-on or recoil implantation, and radiation-

enhanced diffusion. These concepts have been demonstrated and discussed

in the literature (16), but the idea of using a high-energy implant to

redistribute a film or surface layer of the same element has not been

reported.
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A cardinal feature of this portion of the program was to

prepare samples of graded concentration implants by both methods and

study them in comparison with the uniform concentration layers prepared

in the first phase of the work.

4.4 Methods of Examination

Examination and comparison of implanted specimens was proposed

to be carried out using a variety of measurement and analytical

techniques. Among these were the following:

(1) Microscopic examination

(2) ?icrohardness testing

(3) Friction and wear testing

(4) Electron diffraction

(5) Surface profilometry

(6) Rutherford back scattering

Optical microscopy, including Nomarski differential

interference contrast to accentuate topographical variations, was

intended to reveal changes in surface finish resulting from the

implantation process. microscopy, or more specifically

photomicrography, also enters into the micro-hardness testing through

its use in measurement of the length of the imprint of a diamond

pyramidal indenter.

of the two common types, it is the Knoop indenter which is used

here because its shallower penetration affords a better chance to derive

meaningful data from the very thin surface layers which result from

implantation. More will be said on this subject later.

Measurement of friction coefficient versus a standard material

can be regarded as another way of characterizing surfaces and

differentiating between the results of various treatments. Aside from

that, friction and wear testing in this program has obvious practical
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value in indicating the relative merit of differently treated beryllium

surfaces for gas-bearing service. There are a number of accepted

testing methods for friction and wear (17,18) -- the procedure used here

is the pin-on-disc method. This allows a single implanted disc to be

tested after each of several treatments (e.g., before and after heat

treatment) while still retaining a substantial portion of the surface

undisturbed and usable for hardness testing, Auger analysis,

profilometry, or electron diffraction.

Initial friction and wear testing in this part of the program

was done with pins of a material commonly used for this purpose, i.e.,

52-100 steel. The tests were performed on freshly cleaned surfaces

without lubricants or coolants, as a means of ensuring well defined and

reproducible conditions. Perhaps because of the absence of any

lubricating film, in many instances the steel pin material "crayoned"

itself onto the disc surfaces resulting eventually in steel rubbing on

steel. This occurence, plus the desire to generate data with more

direct engineering value, led to a redesign of the test apparatus to

include an aluminum oxide (sapphire) tipped pin. Friction and wear data

reported in future periods will include performance of implanted

surfaces against this harder stylus material.

During this reporting period, friction and wear testing was

performed on uniform layer samples which had been implanted, and whose

hardness increases had been reported, in the previous period. The

compilation of wear test results below also includes data from the

earliest of the graded layer structures which comprise the major effort

in the present phase of the program.

One of the objectives of this program of research was to

determine which, if any, of the hard compounds in the beryllium-boron

system could be made to form within the surface. This is especially

hard to predict for a materials system put together by ion implantation,

since it is not governed by the conventional laws of chemical

thermodynamics or kinetics, Of course, once the bu 3n is in place
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within the beryllium structure, these laws will be operative but many of

the pertinent parameters, such as the nature and concentrations of the

many defects induced during implantation, are not known.

The proposed method of detecting and characterizing beryllium

boride compounds was by transmission electron microscopy (TEM) and

diffraction. Samples for this study were to be prepared by first coring

out a small (3mm) cylinder from the appropriate disc by electrical

discharge machining (EDM). The implanted surface was then to be sliced

off and the resulting disc thinned, first by abrasive removal of the

unaffected beryllium from the underside and then by jet thinning in an

electro-chemical procedure. This was seen as permitting the sampling

and study of the implanted discs at various stages in their treatment.

Complications not foreseen were:

(1) The relatively low survival rate of TEM samples

during their preparation for examination (yields are

usually about 30 to 40 percent), and

(2) The conventional practice of electro-thinning from

both sides of the specimen.

These considerations prevented the satisfactory collection of

data as originally planned. First, although the area toward the center

of the 3/4-inch sample disc was "reserved" for TEM coring and hardness

measurements, that region within the smallest proposed wear track

(1/2-inch diameter) was capable of furnishing only two or three cores

altogether so that taking several samples at any given stage of

treatment was an unsupportable luxury. The procedure of thinning from

both sides also was not compatible with the study of layers at, or very

near, one surface, particularly when the precise level, at which the

material in the disc would be revealed to the electron beam, was not

known or controllable.

36



A search for an alternative means of studying structures led to

consideration of reflection electron diffraction (RED). After some

scrutiny of the problem, proper fixturing and procedures were worked out

to permit electron diffraction of whole 3/4-inch diameter specimen

discs. There are several advantages to this, not the least of which is

the absence of risk in taking and preparing samples (in contrast to the

situation with TEM).

Surface profilometry was to be performed using a Sloan "DekTak"

which has the very valuable feature of allowing the test surface

actually under the stylus to be monitored with a low power microscope.

Among other things, it is therefore possible to know exactly when any

given wear track is undergoing profiling. The end product is a strip

chart representation of the surface with the irregularities highly

magnified.

There were two purposes for the surface profilometry. The

first was to allow comparison of the sample surface before and after

implantation and/or heat treatment to note any resulting changes. The

second was to quantify, by recording the shape of a wear track, the

friction-produced erosion of a wear-test sample surface. The cross-

sectional groove area determined by profilometry can be multiplied by

the length of the wear track to yield am estimate of the volume of

material removed and thus a number indicating the relative wear.

Rutherford back-scattering (RBS) was to be performed at the

Naval Research Laboratory for this program. In this technique, a mono-

energetic beam of ions (commonly helium ions, or alpha particles) is

directed onto a test specimen and the energy spectrum of the back-

scattered ions is recorded and analyzed. Energy losses indicate the

elemental species present and to some extent show the depth and

distribution of these species within a sample.

37



4.5 Status of Current Work

4.5.1 Sample Preparation

The first samples implanted in this gas bearing materials study

were 1-400 grade beryllium from an unknown vintage, with surfaces

prepared by careful hiand lapping and polishing. Subsequently, a wider

ranging and more precisely controlled program of testing was undertaken,

and the need for better definition and control of parameters, including

substrate composition and condition was evident. Accordingly, al.'

the discs intended for wear testing, with sufficient area for otht~

studies, were cut from a particular lot (Brush Wellman #4784) of 1-400

grade Be and a chemical analysis was obtained from the vendor. These

were machine lapped to a good flatness and then carefully hand-polished

before implantation. This set of discs was used for high concentration

uniform implants, the sputter erosion question having been settled,

starting at 60 atomic percent and working- downward. The series ended at

40 atomic percent when several things became apparent, among them: 1)

accurate microhardness indentation measurements and 2) accurate surface

profilometry both demanded extremely good surface finish, freedom from

scratches, and superior flatness. With the beginning of the work on

graded coatings, it was proposed to allow sufficient time and money for

increased attention to sample surface finish.

Arrangements were made for a large group of discs to be cut

from the same lot of beryllium as before and to be lapped and polished

at an organization (Applied Optics Center Corporation) which is well

established in the field of beryllium mirror Polishinyj. This was only

partially successful because only a few discs in the first shipment were

acceptable. The difficulty was traced to an omission of a special

stress relieving heat-treatment between sample machining and the

lapping/polishing operation. This omission was corrected and the

balance of the starting material was furnished to us as adequately

polished discs, which will serve as substrates for the majority of the

work to be performed in the next reporting period.
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In the interim, some implantation and coating work had already

been carried out on the discs which had been accepted as having adequate

surface finish. Since the discs in the first shipment had no stress-

relieving heat treatment, the results trom their tests will have to be

viewed with some reservations and interpreted cautiously to avoid

erroneous conclusions.

4.5.2 Implantations Performed

The beryllium-boron implants carried out during the period of

this report were primarily intended to produce graded concentrations,

both by way of successive implantations and by implanting through a

precoat of sputter-deposited boron. Even so, it was recognized that

some additional uniform concentration samples would also be required.

One of these was a repeat of the 60 atomic percent sample which was

cited earlier (15) because it had exhibited very strange surface

manifestations and an unexpected RBS spectrum. Another reason for

repeating uniform concentration implants was for purposes of correlation

since the NRL implanter, its vacuum system, and the sample holders were

continuously being "debugged" and improved. Two results of these

changes at NRL were better temperature control and a better vacuum

environment for later specimens as compared to those done earlier.

A wide range of surface concentrations, i.e., 10, 20, 40, and

60 atomic percent had been proposed for study in this phase of the

program, but it soon became apparent that such a workload was unreal-

istic in terms of the time available on NRL's implanter. Because the

40 atomic percent uniform concentration gave the best friction and wear

results, as discussed below, it was decided to restrict the targeted

surface concentrations to that one value. As another response to the

limited machine time at NRL, a second source, the SPIRE Corporation in

Bedford, Mass., was developed.
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Investigations of graded concentration implants was planned to

take place in two steps; first the high dose/low energy (Hi/Lo) implant

and then low dose/high energy (Lo/Hi) treatment. Samples were to be

tested between these two phases to separately evaluate their effects.

The implantations prepared during this period are included in Table 4-1,

which presents all of the significant samples of current interest.

4.5.3 Microscopy/Profilometry

Microscopy and profilometry are discussed together here since

they are complementary techniques for studying surface topography.

Figure 4-1 shows representative areas of several of the samples prepared

at NRL and at SPIRE. All optical magnifications are 50OX as is the

horizontal magnification for the DEKTAK trace. The vertical

magnification for all DEKTAK traces is 100 times greater or 50,000X.

For comparison, unimplanted beryllium, as polished, and a conventional

gas bearing material, plasma-sprayed aluminum oxide, are also shown.

(This A12 03 surface is smoother and more pore-free than most production

material, however.)

The effect of ion implantation on surface appearance and

profile is clearly evident. All impianted samples are altered to some

extent, although for 40-111 the change in appearance is minimal and the

profile is indistinguishable from the starting material.

The importance of temperature control during implantation is

the most obvious observation. For the sample which shows the greatest

surface disruption, 60-I, there had been essentially no cooling provided

and the disc may have reached 400-500 0 C. It is known that it did not

reach incandescence, but not much more can be said. The two samples

60-lI and 40-I were i.planted using an improved holder which provided a

definite, though imperfect, thermal path and included a thermocouple
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Table 4-1. Implanted 3/4" disc samples.

Nominal

Sample Where Peak Type Heat Remarks

Designation Implanted Concentration* Sinking

60-I NRL 60% Uniform Poor First sample nf this

format. Four doses, 95-

250 Key

60-I NRL 60% Uniform Fair Repeat of 60-I

40-I NRL 40' Uniform Fair Four doses, 95-250 Key

40-I NRL 40% Uniform Good Six doses, 25-192 Key

40-11 NRL 40% High dose Good Single dose, 25 Key

Low energ

40-SC-I NRL 40% Hybrid Good Single dose, 60 Key

through 1000

sputtered boron film

40-SC-I NRL 40% Hybrid Good Single dose, 60 Key

through 1200

sputtered boron film

SPIRE Hi/Lo SPIRE 40% Graded Poor Single dose, 50 Key

SPIRE SPIRE 40k Graded Poor Two doses - First as

Hi/Lo-Lo/Hi for SPIRE Hi/Lo, then

one @ 200 Key

* Concentrations are atomic percentages.
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of indented imprints in these surfaces are Knoop Hardness Numbers which

accurately characterize the surface layers.

There are three reasons for the reservations expressed above.

First, there is the basic rule in microha:dness measurement that surface

layers can be tested accurately only when the layer thickness is ten times

the depth of the indenter penetration into the material; otherwise the

anvil effect is a source of error. (19 ) The minimum thickness which can be

tested accurately depends on both the hardness of the material and the

load on the indenter. These have been calculated for the various hard-

nesses and loads likely to be of interest here, and the results are given

in Table 4-3. They are snown plotted in Figure 4-4, which also indicates

the maximum depth, 0.8 _i to which a uniform implant should extend under

the conditions used in this program. Obviously, that depth is generally

much less than is required to yield an accurate measurement.

The second factor is the difficulty in making accurate linear

measurements of imprints which are only a few microns long where the

surface is not absolutely flat and featureless. For example, with a

5 gram load a 6 micron imprint indicates a KHN of 1976 while a 5 micron

imprint means a KHN of 2846, or 44 percent greater. Measurement of such

small dimensions with three significant figure accuracy is very

challenging under the most favorable conditions.

Thirdly, there is the complication mentioned above under the

topic of sample preparation wherein the lack of a stress-relieving heat

treatment was mentioned. All of the samples which are far enough along in

their processing to appear in this report were affected by that omission.

ThE reservations expressed above concerning accuracy notwith-

standing, it is nevertheless considered to be useful to make microhardness

indentations and record them for the various samples during their proces-

sing. If the results are viewed in the proper perspective, they do have

significance on a relative basis and may prove to have value in predictinq

qas hearing surface behavior.
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Table 4-3. Minimum film thickness for accurate
Knoop hardness measurement.

KEN LOAD OBSERVABLE MINIMU14 FILM

grams INDENTATION THICKNESS

LENGTH

4000 50 13.24 pi m 4.45 pi m

10 5.96 1.99

5 4.22 1.41

1 1.89 0.629

3000 50 15.40 5.13

10 6.89 2.30

5 4.87 .62

1 2.18 0.72

2000 50 18.86 6.29

10 8.43 2.81

5 5.96 1.99

1 2.67 0.88

1500 50 21.78 7.26

10 9.74 3.25

5 6.89 2.30

1 3.08 1.02

1000 50 26.67 8.89

10 11.93 3.98

5 8.43 2.81

1 3.77 1.25

500 10 16.87 5.62

5 11.92 3.976

1 5.33 1.77
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4.5.5 Friction and Wear Testing

Friction and wear tests probably have the most direct relevance

to eventual gas bearing performance of any of the testing carried out

here, but the original intent of this testing was as a screening

procedure, i.e., as an indicator of relative value. For this reason,

the pin mzierial was chosen to be the commonly-used 52-100 steel

hardened to Rockwell 63-C (800 Knoop).

Conditions chosen for the testing were approximately those

which might be found in a conventional gyroscope wheel upon touchdown:

50 grams dead-weight loading and 100 rpm. For a wear track diameter of

approximately 0.50", this corresponds to a linear speed of 400 cm/mmn.

Both pin and disc were solvent cleaned to arrive at a reproducible,

lubricant-free state. This condition is an extreme "worst case"* in view

of the general practice of providing at least a monolayer of lubricant

in operating devices.

Results of the friction and wear testing are listed in

Table 4-4. For reference, the table includes test results for an A1203
surface, since this is a commonly used gas bearing material, as well as

the results for untreated beryllium. Samples 40-Il and 40-111 were not

received in time to be included here.

The friction coefficients given are straightforward in their

interpretation, except for the samples where material accumulated on the

wear track, a condition which is designated as "pick-up." This material

was determined to be iron or iron oxide, presumably from the steel

pin. It is therefore not surprising to see coefficients of friction for

those cases rising to values of 0.8 - 0.9 as they would in a test of

steel-on-steel.
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4.5.5 Friction and Wear Testing

Friction and wear tests probably have the most direct relevance

to eventual gas bearing performance of any of the testing carried out

here, but the original intent of this testing was as a screening

procedure, i.e., as an indicator of relative value. For this reason,

the pin me'.erial was chosen to be the commonly-used 52-100 steel

hardened to Rockwell 63-C (800 Knoop).

Conditions chosen for the testing were approximately those

which might be found in a conventional gyroscope wheel upon touchdown:

50 grams dead-weight loading and 100 rpm. For a wear track diameter of

approximately 0.50", this corresponds to a linear speed of 400 cm/min.

Both pin and disc were solvent cleaned to arrive at a reproducible,

lubricant-free state. This condition is an extreme "worst case"~ in view

of the general practice of providing at least a monolayer of lubricant

in operating devices.

Results of the friction and wear testing are listed in

Table 4-4. For reference, the table includes test results for an A1203

surface, since this is a commonly used gas bearing material, as well as

the results for untreated beryllium. Samples 40-11 and 40-111 were not

received in time to be included here.

The friction coefficients given are straightforward in their

interpretation, except for the samples where material accumulated on the

wear track, a condition which is designated as "pick-up." This material

was determined to be iron or iron oxide, presumably from the steel

pin. It is therefore not surprising to see coefficients of friction for

those cases rising to values of 0.8 - 0.9 as they would in a test of

steel-on-steel.
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The "wear" aspect of the test is indicated, in relative terms,

under the heading "Erosion." These values are estimates of the quantity

of material lost from the surface during the test, based on a simple

calculation of the volume of the resulting groove.

Figures 4-5 through 4-12 are an alternative mode of assessing

the test results. They show the wear tracks at 200X, microscopically

and as surface profiles. Traces rising above the level of the sample

surface (where there is no corresponding groove to indicate ploughing)

have been interpreted as showing the "pick-up" mentioned above.

The occurence of "pick-up" is not considered to be necessarily

a negative indication of sample performance in the test. Where this did

occur, removal of the accumulated iron deposit from the sample with

nitric acid revealed the surface to he burnished rather than damaged;

see for example Figures 4-10 and 4-11. Presumably, lubrication of any

sort would have reduced or eliminated the material transfer onto the

implanted surface.

It may be seen by inspection of Table 4-4 and the accompanying

figures that any and all implanted surfaces performed much better than

the unimplanted beryllium from the aspect of erosion or wear. while

this result may have been expected, there are two things which are

remarkable. One of these is the better wear performance for implanted

beryllium than the aluminum oxide surface, even where the coefficient of

friction was approximately the same high value. The second surprising

observation is the wear resistance of the SPIRE Hi/Lo implant. Although

the second half of the Hi/Lo - Lo/Hi pair showed a somewhat lower

friction coefficient and considerably less material transfer, the

shallow 40 atomic percert implant alone appears to have been very

effective in imparting wear resistance to beryllium.



- V ~.4..L10 MIN.....
- - WEAR TRACK

1000A-1

4/80 C019500 REV A 2/81

Figure 4-5. Surface appearance and profile, A12 03 after
10 minute wear test.
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WEAR TRACK

5000A

4/80 CD19501 REV A2/81T

Figure 4-6. Surface appearance and profile, unimplanted Be,
10 minute wear test.
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Figure 4-7. Surface appearance and profile, 60 a/o--I after

wear testing.
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4/80 CD19503 REV A 2/81

Figure 4-8. Surfacp appearance and profile, 60 a/o--II

after wear testing.
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Figure 4-9. Surface appearance and profile, 40 a/o after
wear testing.
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Figure 4-10. Surface appearance and profile, SPIRE

Hi/Lo after wear testing.
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Figure 4-11. Surface appearance and profile, SPIRE Hi/Lo

after wear testing and nitric acid etch.
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2/81 CD22594

Figure 4-12. Surface appearance and profile,
SPIRE Hi/Lo-LO/Hi after wear testing.



The overall best performance in this set was displayed by the

uniform implant specimen 40-1. Not only did this disc show no wear

erosion but it exhibited a relatively low coefficient of friction and

little or no "pick-up" from the 52-100 steel pin. For this reason, when

limited implanter acailability forced a narrowing of the range of

concentrations to he .)repared and tested in the current, graded

concentration, phase of the program, it was obvious that the 40 atomic

percent concentration should be the one selected for ongoing study.

4.5.6 Electron Diffraction

originally, as noted above, the intention had been to look for

beryllium boride compounds in the implanted layers by means of trans-

mission electron microscopy and diffraction. Problems in preparing

samples of the surface layers prevented this mode of study and

reflection electron diffraction was tried instead.

The first candidate for observation by this technique was

sample 40-1 which had performed so well in friction and wear testing.

(It was possibly more than coincidental that this surface had shown the

highest Knoop hardness reading of those tested.)

Figure 4-13 shows the result, or rather the lack of a result.

The absence of any diffraction pattern from the surface can be

interpreted as showing that 1) the surface is amorphous (which is not to

be expected for metals) as a consequience of implantation or 2) the

metallic surface and/or beryllium boride compounds are covered over with

a thin oxide film which, (especially with boron present) might be glassy

and amorphous or 3) both of the above.
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1/81 CD22W8

Figure 4-13. Reflection electron diffraction,
40 atomic percent boron implanted in

1-400 Be (uniform layer).

In order to validate the method and the equipment used, it was

decided to test a known sample, i.e., the beryllium starting material.

The first attempt at diffracting an unimplanted beryllium disc gave a

result which seemed nearly as amorphous as 40-I. However, exposing the

1-400 Be sample to a standard stress-relieving heat treatment

(1450*F/1 hour, furnace cool) permitted the observation of a well-

defined beryllium diffraction pattern, together with an indication of

BeO (which is to be expected for this high-oxygen-content grade of

beryllium). See Figure 4-14. This finding tended to verify that if a

compound with a definite structure were present on a sample surface,

reflection electron diffraction should show it. It also appeared to

confirm the need for a stress-relieving heat treatment as part of the

sample preparation step.
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With regard to sample 40-I, the possibility still remains that

a native oxide film could be interfering with the observation of

existing compounds (and/or beryllium metal) although the color of the

sample surface is nearly the same as the starting material. Rigorous

treatments to strip off any existing oxide are being deferred until this

unique sample can be studied as thoroughly as it can be by nondestruc-

tive techniques, or until It can be duplicated.

Rutherford back-scattering is one of the nondestructive

techniques which were proposed for use in studying the distribution of

boron within the implanted layers, but here again the limited avail-

ability of the required equipment is a problem. Although the Van de

Graff generators at NRL have been used for this work in the past, there

is difficulty with scheduling.

A convenient alternative is Auger analysis, which, in

combination with a small area sputtering probe, can be used for

concentration profiling with very limited damage to the samples. This

capability has recently become available for our program and will be

applied to the study of samples, particularly 40-I, during the next

fiscal year.

4.6 Summary of Results

During the period of this report, testing has proceeded on

previously prepared boron-implanted beryllium specimens and additional

implantations have been carried out at NRL and at SPIRE Corporation.

Unforeseen difficulties in polishing substrates for implantation at

these locations have been overcome and this extra preparatory effort

should produce more reliable results during subsequent testing.
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It has been demonstrated that deterioration of the surface

finish and accumulation of a surface oxide film are not necessarily

associated with ion implantation processing I t are avoided where there

is effective temperature control and a good vacuum environment.

Variations in temperat;ure control, and in the consequent

substrate temperature rise, are believed to be the major factor in the

wide divergences seen in finish retention and in the degree of hardening

attained during implants which were nominally identical. The

uncertainties associated with hardness measurement in general on such

thin layers has been noted, but the testing is still believed to be

worthwhile provided the results are seen as relative numbers and are not

thought of as absolute values.

Friction and wear testing has shown that very significant

improvements are imparted to beryllium by boron implantation, even when

it consists of only a single shallow dose. Increased wear resistance

was found to be relatively independent of microhardness readings,

probably because the latter do not accurately indicate the true hardness

values of the very thin layers involved.

Preliminary tests of the concept of the graded layer, achieved

by high energy implantation through either a sputter-deposited boron

film or a shallow heavily implanted layer, have been encouraging with

regard to both wear resistance and surface hardening.

Proof, by electron diffraction, of the existence of beryllium

boride compounds within the implanted layers has yet to be demon-

strated. The indication that the implanted layer becomes amorphous has

yet to be made credible by confirmation.
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4.7 Direction of Further Work

While only very limited numbers of graded layer specimens have

been prepared to date, there are presently available sufficient numbers

of stress-relieved polished substrates to al~low multiple sample

preparations. This will produce better verification of findings through

repeated testing, and the results obtaine.. will be of higher validity

because of the greater care (stress relief, better flatness and finish)

given to the preparation of the starting material.

Multiple samples of graded layers of both types, the all-

implanted type and the "hybrid" pre-coated type, will be prepared. At

the same time, several repeats of uniform concentration layers will be

prepared, allowing correlation with earlier implants carried out under

somewhat different conditions.

Substrates, when implanted, will be given more positive heat

sinking for better temperature control. In addition to better retention

of flatness, finish, and freedom from oxide films, this should allow

evaluation of the effect of temperature separately from the effect of

boron dose when the substrates are tested before and after heat treatment.

Future friction and wear testing will include substitution of an

aluminum oxide or tungsten carbide tip for the 52-100 steel pin. Test

fixturing has been modified to accept 0.125" diameter balls of these materials

as a stylus, but the smaller radius of curvature gives a much higher stress.

The loading must therefore be recalculated to make the conditions comparable

to previous test runs, as some preliminary trials have indicated.

A newly available improved Auger profiling procedure will be

applied to the search for beryllium boride compounds in the implanted

layers. Using this in conjunction with reflection electron diffraction

will assure freedom trom interfering native oxide films; it will also

indicate promising levels, within the layers, to be studied by diffraction

methods.
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Finally, arrangements are being made to implant grooved

beryllium thrust plates of an existing type of device with the objective

of evaluating boron implanted beryllium as a gas bearing. The

implantation and heat treatment schedules will be those which promise

the best performance, based on results from the current test specimens.
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SECTION 5.

COMPOSITE MATERIAL

As an alternative approach to the fabrication of a harL, wear-

resistant gas bearing surface, the inclusion of an investigation aimed

at the development of a composite material was proposed and included in

the Office of Naval Research (ONR) sponsored research in October 1979.

The composite was proposed to consist of a dispersion of ceramic

particles in a beryllium metal matrix and was to be formed by hot

isostatic pressing of cold isostatically pressed compacts of beryllium

and ceramic powders. The physical properties of such a material were,

therefore, expected to lie between that of ceramic and beryllium. The

properties of such a material should be much more compatible to the rest

of the structural gyro members than those of a solid ceramic. The

entire wear and friction process in this material will be confined to

the ceramic particles standing out in relief at the surface of the

composite. Using near net-shape technolo,y, it will also be ultimately

possible to drastically reduce the machining costs that were encountered

earlier when bearing fabrication was attempted from solid pieces of

ceramic.

5.1 Material Sele,:tion Criterion

A review of the Literature available in the areas of friction

and wear shows a considerable ldck of understanding of these phenomena

in the ceramir materials (18) This has resulted partly from the

complexity of the problem and partly because the bulk of research has

been confined to investigations on metallic systems. Little effort has

been directed, so far, at understanding sliding wear mechanisms in the

ceramic nonmetals.
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The value of the coefficient of friction is found to be low for

the ceramic materials. Low friction value is of interest because it

permits operation of the gas bearing at low starting torque levels.

Besides this, the designer is primarily concerned with the wear-

resisting ability of the surface.

No single, reliable, physical parameter was known to exist to

help us select the most suited material. The only guiding value

appeared to be the microhardness in kg/mm2. This was unfortunate since

hardness per se does not appear to completely explain wear behavior,

even though it is found to be an important parameter. A high value of

hardness, however, indicated strong interatomic bonds and, in lieu of a

better criterion, had to suffice as the rationale for selection of the

ceramic needed to satisfy the surface (friction and wear) requirements

of the gas bearing. Hard materials are also known to be resistant to

wear from impact and erosion processes. Evidence obtained on metal-

ceramic composites has also indicated that composites which have high

average values of microhardness are also more resistant to abrasive wear

(20). (Average microhardness of a composite is defined as the total of

the contributions of the microhardness values of the metal and ceramic

calculated in proportion to their respective volume fractions in the

composite.) It was necessary, therefore, to select a hard ceramic for

fabrication of the beryllium-ceramic composite from a wear and friction

point of view.

Other considerations examined were the chemical and thermal

expansion compatibility of the chosen ceramic with beryllium and the

machinability of the fabricated composite. Chemical compatibility (as

indicated by the values of the free energies of formation of the several

compounds) is important in these metal-ceramic systems because even

thouqh it is desirable that the metal matrix wet the ceramic, one does

not want the metal to -hemically reduce the ceramic at the temperature

used for densification. Examples of unstable systems are the Uo2-Al and

the ZrQ)2- (V-Ni alloy) metal-ceramic s',stems. An example of a stable
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system, on the other hand, is the UO2 -Cu system. Effects related to

thermal expansion compatibility are, !ikewise, equally important. In

cases where the ceramic phase hab a higher expansion coefficient than

the metallic phase (as in the U 9O?-Mu system), t-e ceramic particles will

tend to separate (upon coolinq rrrm the d,.sification temperature) from

the metal matrix. Cracks are ei erally roserved at the phase boundary

in such instances. This si-'a it- en is more ir counced for ceramic

particles that are srT hericaly shaped as cc csed to irregularly shaped

particles where mechanical intet icckina :etween the phases gives rise to

stronger adhesion o)f the p)artire to toc matrix. If, on the other hand,

the metallic phase mii a :itter expansion c-oef-icient than the ceramic

phase, the ceramic partic.<, be subTecte; to a compressive

stress. A mild compress ve a te may actuaLly oromote good wear

behavior of the ceramic .::.e Tercifics re known to perform better under

a compressive loading. i , ii:ch a sties! lever mnay, however, have quite

the opposite effect becac,,mt f the unernvi st:ess distribution that

would result in the ceram,. : ,-tatt:ie when it :s exposed at the

surface. Finally, machindacicy of the covt-,,te which was not known

when the ceramics were setec. :s expected to be examined at a later

stage of this progr io (rriir , from - standpoint). For similar

performance it woul± *c,-t li, be esitate to use a composite that is

easier to machine becau;e z:! . tsult ., tdured fabrication costs

of the gas bearini. It is po : it;D- to substantial], reduce machining

costs by developinq-. :2e r-!i- ... fabricati.ill 'echnology.

Because of t 3. ...,era theoorot:r , :; i erations, three

different types of co-amic powders were c et, i ti separately form the

composite with beryllium. The ceramics s-e& cc (:i "--re aluminum oxide

(A1 2 0 3 ), titan: rv ,arbide (TiC), and titanium liobride (TiB).

5.2 Previous Work

Be-TiB-, composite materisa[ fabrcated| earlier (dur inq initial

experiments at CSDL) u:i nq the.! hot isostati- i'ressLnq technique had

demonstrated that *ne fabri, itL,>n s e, fnct- in It i ] f ie,'hed a certain
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amount of development effort (21). The micrograph contained in

Figure 5-1 shows the poor densification obtained in a sample that was

isostatically densified t 900 0 C temperature and 15 klb/in.2 qas

pressure for 2 hours. Large pockers contailno loose TiB 2 powder (which

was the chosen ceramic) were observe(i with the unaided eye. The

observed defects were attrrbuted to poor blending (wihich was done by

gently tumbling the powders n i V-siaped conventinldl laboratory

blender), insufficient outassing of tne powders (which was performed at

400 0 C prior to seaLing the powder ccmpacts in metal cans before

densification) and a possibly lower than optimum densification

temperature (9060C in this #-xperirent). ThLS problem, was therefore,

corrected to a consideranle ext ,'n by resorting to higher energy powder

blending (in a ball mill), o:t i'a g of the powders at 6000C prior to

container encapsulation, s S ;3 ghtly higher Iensification

temperature (950C). The imorevements Ln structural uniformity and

material inteqTritv that resuli.- : frm these steps are evident in the

photograph shown in Figure '- 1 A . (The variatjon in observed ceramic

grain size is attributed to the '.,ect ,n of -he starting powder,

designated as -325 mesh, )r l-;:; -an 45 microns, -herefore indicating a

wide range of particle

5.3 Present ",{or',:

5.3.1 HIP Fabricat,on ,

Beryllium powdLr, , i s -3- mesil, was blended with

selected samples of thc , , :kram1Ics (Ai-;i 3, 'T:, anind TiB2 ) using

the high enerov blenJ[l- ; P .:c, c ir ; discussed above. b-ramiL powders

were obtained . ',,rent sizers f -325 mesh ( lass than 45 . .n) A:

-.- .M from a :omer:;,:- ',ur e. These were separately inixok with the

beryll m to y;c p ho bI en's containLnq 40 and 55 volume percent of

00:! , 17. The variation;, -iat were therefore attempted pertained to

typ'e, rhorr'r.m vimne, ind partl le 'us7e of the oelamIc. The blended

L.7
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powders were then placed inside rubber boots and cold isostatically-

pressed at a pressure of roughly 55 klb/in
2 . Care was exercised not to

subject the rubber boot to vibratory motion during the initial filling

to minimize sedimentation effects that could result from density

differences between the two powders (beryllium and ceramic). This

initial filling was accomplished through a gentle tamping action on the

powder using an extended piston-like tool. All of the beryllium

handling was performed in a hood designed specifically for such

purposes, while adhering to strict safety procedures.

The green compacts, obtained after cold isostatic pressing,

were placed in low carbon steel containers and the vessels sealed with

an exit tube attached to one end. The enclosed samples were outgassed

at a temperature of 600 0 C to a predetermined level of vacuum. At this

point, the exit tube was a'so sealed through a hot pinching process and

the samples were ready for hot isostatic pressing (HIPing). Based on

earlier work, the samples were HIPed at a temperature of 9750C and an

inert gas pressure of close to 15 klb/in.2 in a high temperature

autoclave at an outside vendor's facility. From the way the containers

had collapsed during HIPing it was tentatively concluded that all

samples, except two, had been successfully pressed.

To remove the HIPed material from inside the low carbon steel

containers, it was determined that an acid dissolution tecnnique that

preferentially dissolved the steel cans (and had little or no effect on

the beryllium) would be more desirable than conventional machining

procedures. Experiments were successfully performed to this end using a

warm 50 percent solution of nitric acid (HNO 3 ). The container material

was observed to dissolve quite rapidly and the reaction visibly stopped

at the composite surface. The cost savings, achieved by following the

acid dissolution procedure that was developed, are expected to be even

more substantial when attempts are eventually made to fabricate

intricate pieces of actual gas bearing hardware to near-net shape using

this material.
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Disc-shaped samples, 0.75-inch in diameter and about 0.3 inch

long, were next attempted from each of the composite materials for

further evaluation. In agreement with earlier experience at CSDL, it

was found that conventional machining on a lathe was both expensive and

time consuming. Tungsten cartide tools w.re found to wear away at a

very rapid rate with veri little machining effect on the actual

composite. To reduce these costs (of sample preparation), the electri-

cal discharge machining (EDM) process was investigated. Experiments

showed that these materials could indeed by EDMed but only very slowly

(at a rate somewhat similar to conventional machining). EDM was never-

theless chosen as the preferred technique because of the much lower

labor and material costs i z'itred usinq this procedure. All of this

underlined the eventual SeC ,-r developing a near-net shape fabrication

technology for act..sl hardware applications which could be coupled with

a grinding and lapping pr-cedure to nroduce parts at reasonably low

cost.

A format whicrh i;ciu ded a four--digit number followed by a letter

was selected for sample 1dent; ication. 1o, first two digits indicated

volume percent, tine two '_he partic -. -ize in microns, and the fifth

position was occupied c x letter indicative of the ceramic. The

letters 0, C, and T por the ceramics A1203, TiC, and TiB2

respectively. For instance, sample 4045 B stands for a composite

containing 40 pet "a-nt TiP, ,:- a matrix of beryllium with a ceramic

particle size dean 5 : esh (or less than 45 microns). After

one disc was obta:">. . row :'ich of these materials, a density measurement

was obtained on -:, ssAmpl using the wet displacement technique. The

values measur,! cd itow *:>ey c-ompared with theoretical expections are

shown in ±hi.& I -'. Table 5-1 also shows that of the 10 samples that were

believed to be sbiccessfully ijiPed from visual examination of the HIP

containerf., only seven were deemed acceptable for further experimentation

on the basis of density considerations. An additional disc-shaped

sample, similar to the ones procured earlier, was then EDMed from each

of the seven acceptably densified composite materials.
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Table 5-1. Density measurements or HIPed samples.

SAMPLE DENSITY (g/cm ) PERCENT THEORETICAL ACCEPTABLE

NUMBER

4001 B 2.68 92 yes

4001 0 2.59 96 yes

4001 C 2.62 85 no

5501 B 3.06 93 yes

5501 0 2.85 94 yes

5501 C 2.89 85 no

4045 B 2.91 100 yes

4045 C 2.74 89 yes?

5545 0 3.05 100 yes

5545 C 3.05 86 no

Density values used for calculating theoretically attainable

density in composite were:

Be - 1.85 g/cm
3

TiB2  - 4.50 g/cm
3

A12 03 - 3.98 g/cm
3

TiC - 4.92 g/cm
3
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Even though EDM permitted the removal of samples with disc

geometry from the densified materials, it was observed that the

cylindrical surface in many of the samples was not oriented exactly

perpendicular to the flat ends. This posed a problem in that these

samples were designed to be tested for wear and friction in a disc-on-

disc geometry after appropriate preparation of the sample surface. For

tilted specimens, application of a uniform load over the whole surface

during testing (as well as during controlled lapping operations on a

Crane Lapmaster) and alignment of mating discs could conceivably have

posed a problem. Therefore, a rubber mold was designed so that the

specimens could be mounted in a resin containing clear-cast material

with about 1/16 inch of the sample sticking out of the mount and its

external surface concentric with the mounting material. The samples

were cast in this Form with the exposed surface of the mount material

smooth-machined to a diameter of 1.0 inch. The overall thickness of the

sample (and the mount) was maintained at about 1/2 inch. A schematic

sketch of the problem anil its solution are shown in Figure 5-2. At this

point the samples were co nzidered ready for lapping operations.

5.3.2 Study of La i)ng Effects

Preparation of the sample for wear testing using a disc-on-disc

geometry requires intimate contact between mating surfaces. For this

reason, the surfaces should be quite flat. This can be accomplished by

following controlled lapping procedures.

Lapping was performed after placing the specimens on a Crane

Lapmaster. The lap was charged with progressively finer sizes of A1203

containing compounds, the disc samples placed on the lap, a given dead

load appli -d to the samples, and the machine turned on. (It was

recognized that diamond containing lapping compounds were actually more

desirable, but use of the diamond materials would have required the

availability of several nachines - one for each particle size. Since

only one such lap was available, it was decided to pursue these

experiments, instead, with A12o 3 containing compounds which could be
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effectively removed by cleaning from the lap before applying a fresh

charge of polishing compound. At a later stage of this program,

however, it is intended to examine lapping effects in these materials

through hand-held procedures using diamond compounds on a mehanite

lap. Such laps are used at CSOL during lapping of actual gas-bearing

hardware.)

Detailed observations on effects arising from the lapping of

these materials, with A12 03, were made on discs made from a 3545 B

sample that was produced earlier. These studies showed that use of

coarse (500 grit size) particle A1203 resulted in the ceramic particles

standing out considerably in relief above the beryllium surface.

Scanning Electron Microscopy (SEM) observations showed that the surface

of the recessed beryllium after polishing witn coarse particles was also

quite rough after this poi.ishing procedure (see Figure 5-3). When this

sample was subsequently pol'.shed with the finer A1203 pastes (the finest

contained a 2 to 3 pm A1203 particle size) micromachining of the TiB 2

particles was observed. This is believed to have continued until the

height of the ceramic particles was reduced to that close to beryllium,

beyond which point both the beryllium and the micromachined ceramic

partic2es were subjected to a simultaneous polishing action. It is

suspected that the step height between that of the ceramic and the

surrounding beryllium would be a direct function of the coarseness of

the polishing particles principally because the ceramic wears away at a

much slower rate than does the beryllium. The observations relating to

the micromachining effects discussed above are shown in Figure 5-4.

Figure 5-4 also contains a SEM photograph obtained on this same sample

after selectively dissolving the beryllium (relative to the ceramic) for

about 2 to 5 seconds using a KBI etch *. This etchant was developed

* KBI etch consists of 500 milliliters H 2 SO 4 +

500 milliliters Phosphonic Acid + 750 grams Chronic Acid +

3 liters water (use at 50 0 C).
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earlier by the Kawecki Berylco Company. Figure 5-4 shows that the step

height between the beryllium and the ceramic can possibly be adjusted by

varying the time of etching. Some pitting of the beryllium matrix was,

however, seen as a result of the chemical reaction of the etchant with

the beryllium.

Sample discs, -wo from each HIPed composite (each disc mounted

with its flat surface concentrically located in a resin containing clear

cast material), were subsequently polished using the above procedures.

The microstructures that were generated in some of these samples, as

revealed by SEM, are shown in Figure 5-5. The SEM photographs were

obtained on the as-polished surfaces. An electrical conducting path

from the sample to the specimen stage in the SEM was provided by

drilling an 1/8-inch hole in the rear side of the sample (through the

clear-cast material) and using silver paste to provide the conducting

path.

One of the more noteworthy observations made during this study

is shown in Figures 5-6 and 5-7, and is basically related to ceramic

particle distribution in the composite. These SEM micrographs show

that the -325 mesh ceramic particle containing composites were more

desirable than were the 1 to 2 micron containing composites. Whereas

the -325 mesh samples showed a reasonably uniform distribution of the

particles throughout the beryllium matrix, the I to 2 micron samples

showed that the ceramic particles were mainly segregated at the grai,

boundaries of the beryllium. Also, the 1 to 2 micron ceramic particles

were not completely surrounded by the beryllium as compared to the

-325 mesh particles which showed an intimate physical contact between

the ceramic and the beryllium (all around the ceramic particle). It is

possible that these fine ceramic particles would also have a greater

tendency to become dislodged from their positions during surface rubbing

operations. Micromachining effects of the ceramic particles were not

observed in the 1 to 2 micron samples, possilly because of their very

small ceramic particle size, and maybe even because of a lowered

tendency of the particles to remain bonded to the matrix.
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Another significant observation made during these investi-

gations was the near-abserce of micromachining of the ceramic particles

in the A120 3 containing 5545-0 composite. The SEM observations on the

as-lapped condition of this composite showed the existence of reasonably

large voids in sizes comparable to the -325 mesh A120 3 particles. These

voids must have clearly resulted from A120 3 particle pull-out during the

several lapping operations t was subiected to during disc sample

preparation. This view is directly supported by the microstructure

observation in Figure 5-8 (and also in Figure 5-5(A) that show that void

shape is similar to particle shape, and by the density measurement which

shows that the as-pressed density of this material was close to what was

theoretically considered the maximum. Furthermore, any voids formed at

the HIP temperatures, due to inadequate sintering, are expected to be

close to spherical in shape and not possess the irregular features that

were observed for this sample. It is, therefore, reasonable to assume

that the observed voids are actually areas where A12 3 particles were

pulled-out from during pelising. 'This also accounts for the absence of

ceramic particle machining effects, since the Aji2 3 composite particle

was more susceptible to removal from the matrix than to being abraded at

the surface. All of this indicated extremely poor bonding of the A120 3

particles to the beryllium matrix.

5.4 Conclusions anu Future Work

Future work will he primarily concerned witih microstructure

optimization of TiB 2 containing Be - ceramic composite materials. This

study has already significantly demonstrated that larger particle sizes

of the ceramic are more desirable for mixing with -325 mesh beryllium

powder to produce composites with reasonably wel]-oefined dense

microstructures. We have also found that poor bondirg occurs between

beryllium and the AI2 3 particles indicating the unsuitability of

fabricating such composites with this type of ceramic. This study has
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Figure 5-8. As-polished 5545 0 surface. Large voids observed
with void shape similar to that observed for the
particles. Micromachining of A1203 particles in
these samples was not observed.
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further shown that the TiC powder used is possibly difficult to outgas,

therefore, acceptable densities could not be attained. All of the above

suggests that most of the future effort should be concentrated on

composites containing TiB2 as the ceramic constituent. In addition to

microstructure definition of such ceramics (primarily from the point of

view of good wear and friction characteristics), measurement of physical

properties such as thermal expansion and :Ilermal conductivity will also

be performed. Fabrication of actual hardware pieces is additionally

planned.
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